Over the past few decades, melanoma has shown the fastest growing incidence rate of all cancers. This malignancy is clinically defined by its potential to rapidly metastasize, and advanced metastatic melanomas are highly resistant to existing therapeutic regimens. Here, we report that PPI-2458, a novel, orally active agent of the fumagillin class of irreversible methionine aminopeptidase-2 (MetAP-2) inhibitors, potently inhibited the proliferation of B16F10 melanoma cells in vitro, with a growth inhibitory concentration 50% (GI 50 ) of 0.2 nM. B16F10 growth inhibition was correlated with the inhibition of MetAP-2 enzyme, in a dose-dependent fashion, as determined by a pharmacodynamic assay, which measures the amount of uninhibited MetAP-2 following PPI-2458 treatment. Prolonged exposure of B16F10 cells to PPI-2458 at concentrations of up to 1 μM, 5,000-fold above the GI 50 , did not alter their sensitivity to PPI-2458 growth inhibition and no drug resistance was observed. Moreover, prolonged exposure to this agent induced melanogenesis, concomitant with the elevated expression of the melanocyte-specific enzymes tyrosinase and tyrosinaserelated proteins (TRP) 1 and 2, a morphological feature associated with differentiated melanocytes. PPI-2458, when administered orally (p.o.), significantly inhibited B16F10 tumor growth in mice in a dose-dependent fashion, with a maximum inhibition of 62% at 100 mg/kg. This growth inhibition was directly correlated to the amount of irreversibly inhibited MetAP-2 (80% at 100 mg/kg PPI-2458) in tumor tissue. These data demonstrate that PPI-2458 has potent antiproliferative activity against B16F10 cells in vitro and in vivo, and that both activities are directly correlated with levels of MetAP-2 enzyme inhibition. This antiproliferative activity, coupled with additional observations from studies in vitro (absence of detectable resistance to PPI-2458 and induction of morphological features consistent with differentiated melanocytes), provides a rationale for assessing the therapeutic potential of PPI-2458 in the treatment of melanoma.
Introduction
Melanomas develop after the malignant transformation of melanocytes, specialized melanin producing cells which reside in the epidermal basement membrane of the skin. The incidence rate of this cancer has increased 15-fold over the past four decades, far more rapidly than that of any other cancer (1) . In 2005, an estimated 55,000 Americans will be affected by this disease, ranking melanoma as the sixth most common cancer in the United States (2) .
Treatment options for advanced, metastatic melanoma are limited and the clinical prognosis for these patients is poor. The only chemotherapeutic drug approved by the FDA as single agent therapy for this disease, dacarbazine (DTIC), has yielded low objective response rates with no apparent survival benefit (3, 4) . DTIC combination therapies with conventional cytotoxic drugs, such as CVD (cisplatin, vinblastine, DTIC) or BOLD (bleomycin, vincristine, lomustine, DTIC) failed to demonstrate superiority over DTIC single agent therapy in phase III clinical trials (3) . Immunological approaches for the treatment of advanced metastatic melanoma have yielded only two FDA-approved agents over the past three decades, high-dose bolus IL-2 and IFN·-2b (5, 6) . These agents have shown clinical benefit in ≤10% of patients, but are associated with severe toxicities (5, 6) . Furthermore, phase III clinical studies evaluating combination regimens of either IL-2 or IFN·-2b with conventional cytotoxic drugs (biochemotherapy) have not shown a statistically significant increase in overall survival rates (7) . Other immunological approaches have focused on the development of autologous and allogeneic vaccines. Specifically, several melanogenic proteins, such as tyrosinase, TRP-1 and TRP-2, which are lineage-specific markers of differentiated melanocytes, have been demon-strated to function as targets of humoral and cellular immune responses, suggesting their potential for therapeutic applications (8) (9) (10) (11) (12) . Despite this broad array of melanoma-targeting approaches, marked resistance of these tumors to existing therapies remains a hallmark of this disease. Therefore, innovative therapies, such as mechanism-based drugs targeting yet unexplored pathways in melanoma are desperately needed.
PPI-2458 is a novel, orally active analog of the fumagillin class of irreversible inhibitors of MetAP-2. This enzyme was originally identified as the molecular target of this class of molecules by biochemical approaches (13, 14) , and the molecular nature of this interaction was subsequently confirmed by the crystal structure of human MetAP-2 complexed with fumagillin (15) . More recently, functional studies have provided additional experimental evidence that MetAP-2 is the molecular target and is a critical regulator of mammalian cell growth (16) .
In this report, we show that PPI-2458 potently inhibited B16F10 melanoma cell growth in vitro and the growth of B16F10 melanoma in mice. We demonstrate that PPI-2458 dependent growth inhibition was correlated with the inhibition of MetAP-2 enzyme in vitro and in vivo. Moreover, prolonged exposure of B16F10 cells to PPI-2458 concentrations significantly above the GI 50 did not generate drug resistance, and at the same time induced melanogenesis, which is functionally associated with the differentiated phenotype of melanocytes. These data provide a rationale for assessing the therapeutic potential of PPI-2458 as a novel, molecularly targeted therapy for the treatment of melanoma.
Materials and methods
Reagents. PPI-2458 and a biotinylated analog of PPI-2458 were synthesized at PRAECIS Pharmaceuticals. For in vitro assays, PPI-2458 was dissolved in ethanol (10 mM). Dacarbazine (DTIC), 5-Fluorouracil (5-FU), and melanin were obtained from Sigma. 2-Hydroxyl-beta-cyclodextrin (HPCD) was purchased from Cargill Incorporated. [ 3 H]-thymidine was obtained from Amersham.
Proliferation assays. B16F10 murine melanoma cells were obtained from the American Type Culture Collection (ATCC). The cells were cultured in DMEM supplemented with fetal bovine serum (10% v/v), penicillin-streptomycin (100 units/ml and 100 μg/ml, respectively) and L-glutamine (2 mM). For proliferation assays, 1x10 3 cells (5x10 3 cells/ml) were seeded in 96-well plates (in triplicate) and incubated with varying concentrations of drug, as indicated. After 3 days, 1 μCi/well [ 3 H]-thymidine was added for the final 24 h of incubation. Cell proliferation was determined by the amount of incorporated [ 3 H]-thymidine, by using liquid scintillation counting.
To generate PPI-2458-resistant B16F10 cells, the cells were incubated for 6-8 weeks with PPI-2458 at concentrations of either 0.1 or 1 μM. Seventy-five single clones were selected from each concentration, analyzed in proliferation assays and compared to a B16F10 cell clone that had not been previously exposed to PPI-2458, as described above.
Western blot analysis. After treatment, cells were washed once with phosphate-buffered saline (PBS), harvested in buffer A [50 mM Tris-HCl, pH 7.4, 1% Nonidet P-40, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA, 2 mM Na 3 VO 4 , 1 mM NaF, and complete protease cocktail inhibitor (Roche)], solubilized for 30 min at 4˚C, and centrifuged at 14,000 x g for 15 min. For tissue homogenization and cell lysis, ~0.2 g of tumor tissue was first homogenized in ice-cold PBS containing complete protease cocktail inhibitor using a tissue grinder (Kendall) and then solubilized as described above by adding 0.1 Vol of buffer A (10-fold). For Western blot analysis, 30 μg of cellular protein was used. For protein detection in cell lysates, we used the following antibodies: MetAP-1 polyclonal antibody (Mediomics), MetAP-2 polyclonal antibody CM33 (Zymed), ß-actin monoclonal antibody AC-15 (Sigma), and p21 CIP/WAF monoclonal antibody F5, tyrosinase polyclonal antibody C-19, and TRP-1 and TRP-2 polyclonal antibodies G-17 and G-15, respectively, were from Santa Cruz.
MetAP-2 assay. The MetAP-2 assay was performed as previously described (16, 17) . Briefly, 10-20 μg of cellular or tumor-derived protein was incubated with a biotinylated analog of PPI-2458. This analog covalently binds to the catalytic site of MetAP-2 which enables determination of the amount of total cellular MetAP-2, or the amount of uninhibited MetAP-2 which had not been derivatized by prior treatment with PPI-2458. The biotinylated MetAP-2-inhibitor complex was captured on a plate with immobilized streptavidin (Pierce), and detected with the MetAP-2 antibody CM33 (0.5 μg/ml), followed by horseradish peroxidase-conjugated goat anti-rabbit IgG secondary antibody. The amount of uninhibited MetAP-2 was determined by measuring the absorption at 450 nm using a Labsystems Multiskan plate spectrophotometer. Human recombinant MetAP-2 (Mediomics), prebound to the biotinylated PPI-2458 analog, was used to generate the standard curve.
Melanin secretion. To measure the amount of secreted melanin, 1x10 5 B16F10 cells (5x10 4 cells/ml) from previously selected clones following exposure to either 0.1 μM (clones 100 and 101) or 1 μM (clone 129) of PPI-2458 were seeded in 6-well plates (triplicates), and PPI-2458 was added at different concentrations to the growth medium. After 7 days, the amount of secreted melanin was determined by measuring the optical density (OD) at 492 nm, derived from a standard curve prepared with synthetic melanin dissolved in growth medium (18) . To determine whether PPI-2458-induced melanogenesis was reversible, B16F10 cells from clones 100, 101, and 129 were seeded at 1x10 5 cells (5x10 4 cells/ml) in 6-well plates (triplicates), and incubated in either drug-free medium, or PPI-2458 containing medium (0.1 μM of PPI-2458 for clones 100 and 101, or 1 μM of PPI-2458 for clone 129) for 7 days. The cells were split and seeded at 5x10 4 cells/well (triplicates) in fresh medium containing either no drug or PPI-2458 for another 7-day period. The growth medium was collected and the amount of melanin measured as described above.
Mouse B16F10 syngeneic tumor model. Male C57BL/6 mice (7 weeks of age) were purchased from Charles River Laboratories (Wilmington, MA) and randomized into groups of 10 animals each. 1x10 6 B16F10 cells (1x10 7 /ml) in PBS were injected subcutaneously (s.c.) above the right hind leg. Tumor growth was measured every 2-3 days using a CD-8'' CS digital caliper (Mitutoyo Corp., Japan), and tumor volumes were calculated following the equation: volume = (width x width) (length)/2. 5-FU was formulated at 10 mg/ml in PBS and administered intraperitoneally (i.p.) at 50 mg/kg 3x/week. PPI-2458 was formulated in 11% HPCD, and mice were dosed orally with 1, 3, 30 or 100 mg/kg or vehicle on alternate days (QOD), or received PPI-2458 orally at 100 mg/kg every 3 days (Q3D) or every 4 days (Q4D) to determine schedule dependency of observed effects. Treatment with 5-FU, PPI-2458 or vehicle started at day 6 post tumor implantation and concluded at day 20. Mice were sacrificed 21 days post tumor implantation, tumors were removed, weighed, frozen in liquid nitrogen and stored at -80˚C. All animal studies were approved by the PRAECIS Institutional Animal Care and Use Committee.
Results

PPI-2458 is a potent inhibitor of B16F10 cell proliferation.
PPI-2458 is a novel, structural analog of the fumagillin class of irreversible MetAP-2 inhibitors, which has previously been demonstrated to potently inhibit the proliferation of human umbilical vein endothelial cells (HUVEC) and human fibroblast-like synoviocytes from rheumatoid arthritis patients (HFLS-RA) in vitro (GI 50 : 0.2 nM and 0.04 nM, respectively) (16, 17) . Furthermore, this growth inhibition, by a mechanism of cell cytostasis, directly correlated with the depletion of enzymatically active MetAP-2 in these cells, in a dosedependent manner (16, 17, 19) . We examined the antiproliferative activity of PPI-2458 on murine B16F10 melanoma cells in vitro and observed potent growth inhibition of these cells with a GI 50 of 0.2 nM, and a maximum growth inhibition of ~80% at concentrations of ≥10 nM (Fig. 1A) . Moreover, PPI-2458-induced growth inhibition was completely reversible after removal of this agent, and no cytotoxicity was detected at concentrations of up to 10 μM (data not shown), consistent with previous observations in other cell types (16, 17) . Dacarbazine (DTIC), the only FDA-approved drug for single agent therapy in advanced metastatic melanoma, had no growth inhibitory activity on B16F10 cells, at concentrations of up to 10 μM (data not shown).
MetAP-2 enzyme inhibition correlates with B16F10 growth inhibition.
To determine whether the PPI-2458 induced growth inhibition of B16F10 cells correlated with MetAP-2 enzyme inhibition, we measured the amount of free MetAP-2 (not covalently bound by PPI-2458) in these cells after treatment with PPI-2458, using the pharmacodynamic MetAP-2 assay described above. B16F10 cell growth inhibition closely correlated to the amount of inhibited MetAP-2, up to drug concentrations of ≥10 nM, at which both maximal growth inhibition (80%) and enzyme inhibition (100%) were obtained (Fig. 1A) . These results are consistent with previous findings of cell type-specific sensitivity to PPI-2458 induced growth inhibition (16, 17) .
Regulation of MetAP-2, MetAP-1 and p21 CIP/WAF protein expression in B16F10 cells after treatment with PPI-2458.
We performed Western blot analysis to determine the levels of MetAP-2 in PPI-2458 growth-inhibited B16F10 cells and found that MetAP-2 protein levels were significantly increased after prolonged exposure (96 h) to this agent (Fig. 1B) . This observation is consistent with previously reported data that showed an increase in cellular MetAP-2 in endothelial cells and HFLS-RA after exposure to fumagillin or PPI-2458 (16, 17) . Similarly to MetAP-2, MetAP-1 is a critical regulator of mammalian cell growth (16) . When mammalian cells were made functionally deficient in both MetAPs, their ability to proliferate was almost completely inhibited (16) . In growth-inhibited B16F10 cells, MetAP-1 protein was expressed constitutively at high levels, suggesting that the expression of this protein was not affected after exposure of these cells to PPI-2458 (Fig. 1B) . In HUVEC, the block in late G 1 cell cycle progression induced by fumagillin class MetAP-2 inhibitors is postulated to be triggered by activation of the CIP/WAF (20, 21) . Although studies of genomic alterations in several growth regulatory genes in B16F10 cells have failed to detect mutations in the p53 tumor suppressor gene, p53 protein expression in these cells was relatively low due to the inactivation of the p19 ARF tumor suppressor gene, which blocks the MDM-2 mediated degradation of p53 (22) . Since this finding suggested that the p53/p21 CIP/WAF pathway could still be functional in B16F10 cells, we examined the level of p21 CIP/WAF protein after treatment with PPI-2458. Significantly elevated levels of p21 CIP/WAF protein were detected at concentrations of ≥10 nM PPI-2458, consistent with the concentration range of this agent where maximal growth inhibition was observed (Fig. 1B) . These results suggest a potential role for p21 CIP/WAF in the regulation of B16F10 cell growth.
B16F10 cells do not develop resistance to PPI-2458 growth inhibition.
Advanced, metastatic melanomas are highly resistant to currently available treatment regimens. We examined the ability of B16F10 cells to develop resistance against PPI-2458 after prolonged exposure. B16F10 cells were incubated for 6-8 weeks with PPI-2458 at concentrations of either 0.1 or 1 μM, previously determined to exceed the GI 50 of these cells by 500-fold to 5,000-fold, respectively. Under those conditions, B16F10 cells continued to proliferate, albeit slowly, and the analysis of 150 single clones tested in proliferation assays for resistance to PPI-2458 confirmed that all remained sensitive to PPI-2458 growth inhibition (Fig. 2) . Moreover, we detected no quantitative differences in the level of growth inhibition when compared to B16F10 cells which had not been previously 100, 101, 129 , and G) which had been grown as described in B were analyzed for tyrosinase, TRP-1 and TRP-2, and ß-actin expression.
exposed to this agent (Fig. 2) . These results suggest that the MetAP-2 pathway(s) that is involved in the regulation of B16F10 cell growth remain sensitive to PPI-2458 inhibition, even after prolonged exposure.
PPI-2458 induces melanogenesis in B16F10 cells.
Melanogenesis is functionally associated with differentiated melanocytes (23) (24) (25) . Prolonged exposure of B16F10 cells to PPI-2458 at concentrations of either 0.1 or 1 μM resulted in melanin secretion into the growth medium, with measurable amounts of this pigment first detected after 5 weeks. When B16F10 cells, derived from single clones that had previously been generated from cells grown in the presence of either 0.1 μM (clones 100, 101) or 1 μM (clone 129) of PPI-2458, or that had not been previously exposed to PPI-2458 (clone G), were incubated with increasing conditions of PPI-2458, we observed a dose-dependent increase in secreted melanin (Fig. 3A) . The maximum level of melanin secretion occurred at PPI-2458 concentrations of ≥10 nM, which was consistent with the lowest concentration of PPI-2458 required to achieve maximal growth inhibition in these cells. The total amount of melanin secreted into the growth medium, however, varied significantly between cells from different B16F10 clones (Fig. 3A) . We then questioned whether PPI-2458-dependent melanin secretion would be reversible in the absence of this agent. When cells were grown for two weeks in the presence of either 0.1 μM PPI-2458 (clones 100, 101) or 1 μM PPI-2458 (clone 129), or in the absence of this agent, melanin secretion was completely repressed under the latter condition, supporting the notion of a PPI-2458-dependent mechanism of melanin secretion (Fig. 3B) . Melanogenesis is an enzymatic cascade which is regulated by tyrosinase, TRP-1 and TRP-2 (26, 27) . Tyrosinase is the key enzyme in this process as it controls the first two rate-limiting steps in this cascade, the hydroxylation of tyrosine to 3,4-dihydroxylphenylalanine (DOPA), and its oxidation to dopaquinone. We examined whether the expression levels of these melanogenic proteins were affected by PPI-2458.
Concomitant with the secretion of melanin, we detected significantly elevated levels of tyrosinase, while TRP-1 and TRP-2 protein levels were moderately increased (Fig. 3C) . These data suggest that PPI-2458 activates a melanogenic signaling pathway(s) by a molecular mechanism(s) which remains to be elucidated.
PPI-2458 growth inhibition of syngeneic mouse B16F10
tumors. Six days following tumor implantation (1x10 6 B16F10 cells, s.c.), vehicle or PPI-2458 was administered orally to mice at doses of 1, 3, 30 or 100 mg/kg QOD, and this treatment regimen was concluded at day 20. B16F10 melanoma growth was significantly inhibited in a dose-dependent manner at 3, 30 and 100 mg/kg, with reduction in final tumor volumes of 36, 46 and 62%, respectively (Fig. 4A ). At the dose of 100 mg/kg, the degree of tumor growth inhibition was similar to that observed for 5-FU administered at a maximal tolerated dose (Fig. 4A) . The final tumor weights determined at day 20 were closely related to tumor volumes in all treatment groups (Table I) . To further investigate the schedule dependence of PPI-2458 on tumor growth inhibition, C57BL/6 mice were treated from 6 days after tumor implantation with 100 mg/kg PPI-2458, p.o. on QOD, Q3D or Q4D dosing schedules. PPI-2458-induced tumor growth inhibition in mice treated on Q3D and Q4D dosing schedules was less effective (30 and 20%, respectively) when compared to QOD dosing (62%) (Fig. 4B) . These results suggest that QOD dosing is the most efficacious schedule for PPI-2458 in this tumor when administered orally, consistent with the pharmacological half-life of PPI-2458 (data not shown). PPI-2458 was generally well tolerated in all treatment groups, with only minimal weight loss (3%) observed in the highest dosing group (100 mg/kg, p.o., QOD) (data not shown). with the inhibition of MetAP-2 function after treatment with PPI-2458, we measured the levels of uninhibited MetAP-2 in tumor tissue extracts 24 h after conclusion of the study. In animals orally administered PPI-2458 at 1, 3, 30 and 100 mg/ kg, QOD, MetAP-2 was dose-dependently inhibited, with a maximum inhibition of 80% achieved at the highest dose relative to vehicle group levels 24 h after the final dose (Fig. 5) . These levels of MetAP-2 enzyme inhibition correlated closely (r=0.98) with a decrease in B16F10 tumor weights (Fig. 5) . Thus, these data provide further experimental evidence that links MetAP-2 enzyme inhibition to the anti-tumor activity of PPI-2458.
PPI-2458-induced B16F10 melanoma growth inhibition correlates with
Regulation of MetAP-1, MetAP-2 and p21
CIP/WAF protein expression in B16F10 cells in vivo after treatment with PPI-2458. To determine the expression of the cell growth regulatory proteins, MetAP-1, MetAP-2 and p21 CIP/WAF , in B16F10 cells in vivo, we performed Western blot analysis on melanoma tumor extracts from mice which had been treated with PPI-2458 (3, 30, and 100 mg/kg, p.o., QOD). While the cellular level of MetAP-1 was not affected by PPI-2458 treatment, MetAP-2 expression was elevated at the highest dose of PPI-2458 used in this study, suggesting induction or stabilization of this protein (Fig. 6) . Moreover, p21 CIP/WAF levels were significantly increased after treatment with 30 and 100 mg/kg PPI-2458 (Fig. 6 ). These data suggest that the same PPI-2458-dependent mechanism(s) involved in the regulation of these genes in B16F10 cells in vitro also function in vivo. Notably, treatment with 5-FU (50 mg/kg, i.p. 3x/week) significantly decreased MetAP-2 levels, while p21 CIP/WAF levels increased (Fig. 6) , suggesting a potential role for these cell growth regulatory proteins in 5-FU-mediated B16F10 tumor growth inhibition.
Discussion
Currently available therapies for patients with advanced, metastatic melanoma have not yet achieved significant clinical benefit in terms of improved survival rates and the prognosis for these patients is generally poor. Novel, innovative therapies for the treatment of this disease are urgently needed, and a number of therapeutic agents are undergoing active clinical investigation (2) . In this report, we present data that provide a rationale to investigate the use of PPI-2458 for the treatment of melanoma. PPI-2458 is a novel, orally active analog of fumagillin (17, 28) . Similar to TNP-470 (AGM-1470), PPI-2458 has potent antiangiogenic properties and inhibits the proliferation of selective tumor cell lines by irreversible inhibition Table I . Decreased tumor weights after treatment with PPI-2458. - of the enzyme, MetAP-2, the molecular target of fumagillin class molecules (16, 17) .
PPI-2458 potently inhibited the proliferation of B16F10 melanoma cells with a GI 50 of 0.2 nM. The functional significance of MetAP-2 inhibition on B16F10 cell growth was investigated by measuring the amount of uninhibited MetAP-2 enzyme in these cells after exposure to PPI-2458, using a pharmacodynamic assay (16, 17) . Although the growth of B16F10 cells was not completely inhibited, even at the highest concentration of PPI-2458, both complete MetAP-2 enzyme inhibition and maximal growth inhibition was achieved at ≥10 nM. This dose-dependent correlation between B16F10 cell growth inhibition and MetAP-2 enzyme inhibition supports the notion of a critical function of MetAP-2 in growth control of sensitive B16F10 cells. These results are further consistent with previous studies which report a critical role for MetAP-2 as a molecular regulator of cell growth, and suggested that MetAP-2 inhibition is an important component in the control of proliferation in cells sensitive to PPI-2458 growth inhibition (16, 17) . The relative level of cellular MetAP-2 protein, however, did not affect the growth inhibitory activity of PPI-2458. While MetAP-2 protein levels in these cells were moderately increased after treatment with PPI-2458, similar increases have been reported for other cell types, most likely due to increased protein stability and elevated transcription of MetAP-2 (16, 17, 29, 30) . In contrast to MetAP-2, the expression of MetAP-1 (16, 31) , an enzyme related to MetAP-2 with cell-type specific functional redundancy in cell growth control, was not affected by the exposure of B16F10 cells to PPI-2458.
We also report that PPI-2458 treatment resulted in elevated levels of p21 CIP/WAF in B16F10 cells. In HUVEC, the molecular mechanism of the G 1 cell cycle arrest induced by fumagillin class molecules is most likely triggered by activation of the p53 signaling pathway and intracellular accumulation of the cell cycle inhibitor protein, p21
CIP/WAF (20, 21) . Genomic studies of several cell cycle regulatory genes in B16F10 cells have provided no evidence of mutations in the p53 gene, although p53 protein levels are relatively low, due to the inactivation of the p19 ARF gene in these cells (22) . Hence, we reasoned that the p53 signaling pathway could be functional, and that the accumulation of p21 CIP/WAF following treatment of B16F10 cells with PPI-2458 would suggest a conserved mechanism of p53/p21 CIP/WAF -induced growth inhibition, similar to HUVEC. The detection of elevated levels of p21 CIP/WAF protein at PPI-2458 concentrations which induced maximal growth inhibition is consistent with the notion of a growth regulatory function of p21 CIP/WAF in B16F10 cells. In ~65-70% of all human melanomas, mutations in the BRAF oncogene result in activation of the MEK/ERK proliferation pathway, in a RAS-dependent or -independent fashion (32) (33) (34) (35) (36) (37) . In contrast, no BRAF mutations and, consequently, no activation of the RAS pathway have been found in B16F10 or other mouse melanoma cell lines (22) . Due to the unique molecular mechanism of PPI-2458, these observations suggest a potentially important role for this agent in the treatment of melanoma, either in combination with chemotherapeutic drugs or with novel agents designed to target yet unexplored signaling pathways in melanoma, such as the BRAF kinase inhibitor, BAY 43-9006 (38,39) . One hallmark of advanced metastatic melanomas is resistance to currently available therapeutic regimens, due to the ability to evade the cytotoxic activity of conventional chemotherapeutic drugs and to escape the surveillance mechanisms of the immune system. In contrast, we were unable to generate B16F10 cells resistant to PPI-2458 growth inhibition even after prolonged exposure to PPI-2458 at concentrations of up to 1 μM (~5,000-fold above the GI 50 ). Moreover, the degree of sensitivity to PPI-2458 growth inhibition remained unchanged from that of cells not previously exposed to this agent, consistent with previously reported findings that PPI-2458 growth inhibition is reversible, and further supporting the notion that the activity of this agent is exerted by a mechanism of cytostasis (17) .
In addition to persistent drug sensitivity, prolonged exposure of B16F10 cells to PPI-2458 resulted in melanogenesis concomitant with an increase in cellular levels of the melanocyte-specific proteins tyrosinase, TRP-1 and TRP-2. This increase was most prominent for tyrosinase, the key enzyme in the melanogenesis cascade, which provides a potential molecular mechanism for the observed PPI-2458-dependent melanin synthesis and secretion. Similar to PPI-2458 growth inhibition, the induction of melanogenesis by PPI-2458 was reversible. Physiologically, this process is regulated by ultra-violet A and B radiation and by a large array of effectors including ·-melanocyte stimulating hormone (·-MSH) (40, 41) . Several pharmacological agents which mimic the cyclic-AMP elevating activity of ·-MSH, such as forskolin and cholera toxin, and chloroethylnitrosoureas, which alter the phospholipid metabolism of affected cells, have also been shown to induce melanogenesis (42) (43) (44) (45) . These results suggest that multiple signaling pathways can independently activate the complex network of transcription factors which positively and negatively regulate this process and that PPI-2458 may promote terminal differentiation of the malignant cellular phenotype.
Tyrosinase, TRP-1, TRP-2 are among a group of melanocyte-specific proteins that have been identified as potential targets for tumor-directed immunotherapy for melanoma (8) (9) (10) (11) (12) . Although these self-antigens have the potential to support the generation of a host immune response against normal and transformed melanocytes, expression alone is usually insufficient to provide protection against tumor growth. Nevertheless, the increase in tyrosinase, TRP-1 and TRP-2 protein expression induced by PPI-2458, suggests that this drug could potentially support the generation of a tumor-directed immune response.
The mouse syngeneic B16F10 tumor is a well-established model for solid tumor formation and metastasis. PPI-2458, when orally administered, significantly inhibited the growth of this tumor in a dose-dependent fashion, with a maximum inhibition of 62% at 100 mg/kg. Similar results were observed after oral treatment with PPI-2458 in the human UACC-62 melanoma xenograft and several other solid tumors in mice, further supporting the notion of PPI-2458 as an orally active MetAP-2 inhibitor with potent anti-tumor activity (Hollingshead et al: AACR/NCI/EORTC Int Conf Mol Targets Cancer Ther, abs. C41, 2003). Investigations of the anti-tumor activity of TNP-470 in the B16F10 mouse melanoma model have previously shown growth inhibitory activity of this agent after s.c. and i.v. administration, while oral administration was reported as the least efficacious route (46) . Moreover, despite some initially promising results of this drug in clinical trials, the clinical development of TNP-470 was halted, in part, due to difficulties with optimizing the dosing regimen dependent on intravenous infusion, combined with the short circulating half-life of this agent (47) (48) (49) . B16F10 tumor growth inhibition by PPI-2458, when orally administered, was accompanied by a decrease of uninhibited MetAP-2 in tumor tissue (80% at 100 mg/kg), strongly supporting a correlation between tumor growth inhibition and the inhibition of MetAP-2 in this model. Despite the correlation between tumor growth inhibition and MetAP-2 enzyme inhibition in tumor tissue, we cannot exclude the possibility that the antitumor activity of PPI-2458 was, at least in part, due to the antiangiogenic properties of this molecule (16, 17) . In addition to the direct anti-tumor activity of PPI-2458, antiangiogenesis could provide additional benefit in vivo in combination with other chemotherapeutic drugs. Moreover, further clinical benefit could arise from a potential effect of PPI-2458 on terminal differentiation of melanoma cells, as suggested by the observed melanogenesis. The established antagonism between cell growth and differentiation is well established, and agents that induce cell differentiation, such as 13-cis retinoic acid, have entered clinical trials (50) .
In conclusion, the data presented here demonstrate that PPI-2458 potently inhibited the growth of B16F10 melanoma cells in vitro and in vivo, and that this growth inhibition directly correlated with the inhibition of the molecular target of this molecule, MetAP-2. These results provide a rationale for assessing the therapeutic potential of PPI-2458 as a novel, molecularly targeted therapy for the treatment of melanoma.
